We analyze in the four-generation model the first measurement of the branching ratio of rare kaon decay K + → π + νν, along with the other processes of 
I Introduction
In the physics of quarks and leptons, it has been long since the Standard Model acquired a remarkable success. As is shown, however, in the issue of mass generation of quarks and leptons and the physics such as SUSY, physics beyond the Standard Model has become highly expected. In this direction, the flavor-changing neutral current(FCNC) processes play important roles through the one-loop effects for the search of additional Higgs, new gauge bosons, additional fermions, etc.
Here we focus on the new branching ratio of the FCNC process K + → π + νν, which is measured for the first time at the Brookhaven National Laboratory, B = (4.2 +9.7 −3.5 ) × 10 −10 [1] . It should be remarked that the central value is 4-6 times larger than the Standard Model prediction, B = (0.6 − 1.5) × 10 −10 [2] , though the measurement is consistent with the theory within the experimental errors.
This process, K + → π + νν, had already been studied by Gaillard and Lee in 1974 and they obtained a branching ratio of ∼ 10 −10 by using the short-distance W − W box and Z 0 -penguin diagrams in the "4-quark" model [3] . After that in 1981, Inami and Lim derived the rigorous expressions for these and other related diagrams relevant to the FCNC processes and studied the effects of superheavy quarks and leptons in K L → µμ, K + → π + νν and K 0 −K 0 mixing [4] , before the top-quark was discovered.
In this work, we analyze the new branching ratio of K + → π + νν in the fourgeneration model [5] [6] [7] under the expectation that the above-mentioned factor 
II The four-generation model
For the unitary 4 × 4 quark mixing matrix in the four-generation scheme, we will use the Hou-Soni-Steger parametrization [8] . The form of this parametrization is so complicated that we will not cite it here. It has, however, an advantage over the others that the third column and the fourth row have simple forms such
the three mixing angles s x (≡ sin θ x ), s y and s z give the elements V us , V cb and generation, we use the same values for the three angles s x , s y and s z as in the Standard Model [2] as an input of our analysis;
We search for the mixings of the fourth generation allowed by the experimental quantities related to various FCNC processes. The mixing among the three generations in the Standard Model is known to be hierarchical as is well expressed by the Wolfenstein parametrization [10] ,
where λ ≡ sin θ C (≃ 0.22) is the expansion parameter in the Wolfenstein parametrization. In the spirit of this parametrization, we will study the following cases of the fourth generation mixing to derive a "maximum" one allowed by the abovementioned constraints;
Here, we are not interested in the last two cases with V t ′ d = 0, because we will focus on the factor 4-6 of the central value of the measured branching ratio of
relative to the predicted value in the Standard Model. Table 1 shows the products of the relevant mixing matrix elements of the dominant contributions to the one-loop diagrams in
for the Standard Model and the four-generation model with the first four cases of mixing of eq.(3). As seen in Table 1 , the first two cases of
give too small contributions to affect the branching ratio of K + → π + νν and they also do not give any significant
gives the same order of contributions to
as in the Standard Model. It turns out that even this favorable case of (λ 3 , λ 2 , λ)
does not contribute to b → sγ so much as in the Standard Model, so we will not include the process b → sγ in the following numerical analysis. Although the fifth and sixth cases of (
interesting, these cases have proved not to lead to any favorable solutions in our numerical analysis.
III Constraints on the model
The constraints we impose on the model to search for the fourth generation mixing are the following, K L − K S mass difference ∆m K = (3.522 ± 0.016) × 10
−12
MeV [11] , CP-violating parameter in the neutral kaon system ε K = (2.28 ± 0.02) × 
, where the upper bound of the short- [17] . The formulation of ε ′ /ε in the four-generation model with appropriate QCD corrections is complicated and is out of scope in our paper [18] . So, we will not include ε ′ /ε here.
Each of the above-mentioned eight constraints is described in the following.
The short-distance part of ∆m K comes from the well-known W − W box diagram with c, t and t ′ as internal quarks as shown in Fig.1 in the four-generation model and the contribution is expressed, for example, for the box diagram with two c-quarks as follows,
where S(x) is the Inami-Lim box function [4] , x c ≡ m contributions are very small in comparison with the (c, c) contribution, so we take a constraint for the fourth-generation contributions to be
as a loose constraint, since there are a large amount of the long-distance contri-
, is given as follows,
where
W , m t ′ being the fourth-generation t ′ mass, and S(x t ′ ) can be approximated as 0.707x
is the QCD correction factor which is taken here to the leading order as
. (7) In eq. (7), α s (m) is the running coupling constant in QCD and is expressed as
where Λ is the QCD scale of 0.10GeV and
N f , N f being the number of active quark flavors at the relevant energy scale, and
and m t ′ = 400GeV, the constraint on the fourth-generation quark masses being described at the end of this section. Similarly, ∆m K (t, t ′ ) and ∆m K (c, t ′ ) are expressed as
where S(x t , x t ′ ) is the Inami-Lim function for W − W box diagram with t-and t ′ -quark in the internal line [4] and the QCD correction factors η K tt ′ and η K ct ′ are taken as 0.5 and 0.6, respectively.
(ii)CP-violating parameter in neutral kaon system, ε K The quantity ε K is expressed by the imaginary part of hadronic matrix element of the effective Hamiltonian with ∆S = 2 between K 0 andK 0 , to which the shortdistance contribution comes from the W − W box diagram as in ∆m K . The box contributions with c-and t-quark and with two t quarks give the expressions of
If we take the QCD correction factors including the next-to-leading order as η K ct =0.47 and η K tt =0.57 [2] , the dominant terms in the (c, t)-and (t, t)-box contri-
in the Standard Model, where φ 1 is the CP-violating phase δ KM . Since the magnitude of these two contributions is already close to the measured value ε K = (2.28 ± 0.02) × 10 −3 by taking into consideration the theoretical uncertainty in the bag parameter value, B K = 0.75 ± 0.15, we take the constraint from ε K on the model that the sum of the contributions from c, t and t ′ quarks should be within the 1σ error of the measured value,
The mass difference between the two mass-eigenstates of B d −B d system is given by the W − W box diagram, and the (t, t)-box contribution is expressed by
where f B and B B are the decay constant and the bag parameter for B d meson, respectively, and η B tt is the QCD correction factor including the next-to-leading order effects. By taking for these parameters the values of √ B B f B = (0.20 ± 0.04)
GeV and η B tt = 0.55 [2] and by using the inputs of eq. (1), we obtain the (t, t) contribution ∆m Since (c, c) and (c, t) contributions are numerically very small in comparison with the (t, t) contribution, we take the constraint from ∆m B d on the model that the sum of the contributions from t and t ′ should be within the 1σ error of the measured value as follows,
where we take for the QCD correction factor η B t ′ t ′ the following expression to the leading order,
which turns out to be 0.58 for the same set of parameter values as for η (15) is taken as 0.5.
The short-distance contributions to the FCNC decay K + → π + νν come from the W − W box diagram and Z 0 -penguin diagrams as shown in Fig.2 in the fourgeneration model. The expression for the contributions including the next-toleading order QCD effects is given by Buchalla and Buras [19] [20] in the Standard
Model and are summarized in ref. 2 . We add to their expression of the branching ratio the contribution from t ′ -quark exchange as follows,
where κ + = 4.57×10 −11 , P 0 is the sum of charm contributions to the two diagrams including the next-to-leading order QCD corrections [20] and X 0 is the sum of the 
MeV.
We take the quantity √ B Bs f Bs to be equal to that for B d −B d mixing, and the QCD correction factors η 
MeV,
where .
The process K L → π 0 νν is the "direct" CP-violating decay [25] and the rate is expressed by the imaginary part of sum of the same W − W box and Z 0 -penguin diagram amplitudes as in K + → π + νν [2] , since the CP-conserving contribution is known to be very strongly suppressed [26] . Therefore, we take the constraint that the sum of t and t ′ contributions to the branching ratio should be smaller than the experimental upper bound [14] , B(K L → π 0 νν) < 5.8 × 10 −5 . The constraint is expressed as
where κ L = 1.91 × 10 −10 , X 0 is the same function and η t and η t ′ are the same QCD correction factors as appeared in eq. (17) for
The process K L → µμ is the CP-conserving decay. The short-distance(SD) contribution is given by the W − W box and Z 0 -penguin diagrams and the branching ratio for this part is expressed as [2]
where κ µ = 1.68 × 10 −9 , P ′ 0 is the sum of charm contributions to the two diagrams including the next-to-leading order QCD corrections [20] 
We take the constraint that the branching ratio of eq. (22) should be smaller than the upper bound of the short-distance contribution [15] as stated before at the beginning of this section, B(K L → µμ) SD < 2.2 × 10 −9 . We do not take into consideration the mixing effect in the leptonic sector.
For the masses of t ′ and b ′ , there is a constraint from ρ parameter. If we denote the parameter ρ 0 as
where sin 2 θ W is the Weinberg angle andρ is the quantity M 
The value of ρ 0 is now ρ 0 = 0.9998 ± 0.0008 [27] , and this constrains the masses of t ′ and b ′ .
IV Possible mixings of fourth generation
We search for possible mixings of the fourth generation allowed by the eight constraints in the previous section by testing the typical hierarchical mixings of eq.(3) with the intention to obtain the "maximum" mixing compatible with the considerably large branching ratio of the rare decay . We vary the three phases in the range of 0 ≤ φ 1 , φ 2 , φ 3 ≤ 2π. We found no solutions compatible with the eight constraints for the exotic fifth and sixth cases of (
and (λ 2 , λ, 1, λ) of eq.(3). So, we focus on the first four cases of eq. (3) here. 
Strong constraints come from ∆m
, and the one to ∆m
We show several typical solutions with respect to the three phases (φ 1 , φ 2 , φ 3 )
for the maximum mixing (s w , s v , s u ) = (0.8λ
(400, 370)GeV in Table 2 , the ones for (s w , s v , s u ) = (0.5λ 3 , 0.5λ 2 , λ) in the case of (m t ′ , m b ′ ) = (800, 770)GeV in Table 3 and the ones for (s w , s v , s u ) = (0.3λ
in the case of (m t ′ , m b ′ ) = (1200, 1170)GeV in Table 4 . The values of (φ 1 , φ 2 , φ 3 )
allowed by the constraints constitute a certain region in the plane, surrounding each of the solutions in Tables 2, 3 and 4. In the Tables, we also give the pre-
, and the CP asymmetry for B d → J/ψK S , which is explained in the following section, for each of the solutions. Table 2 : Typical solutions for the fourth-generation mixing (s w , s v , s u ) = (0.8λ 3 , 0.8λ 2 , λ) in case of (m t ′ , m b ′ ) = (400, 370)GeV for the three phases of (φ 1 , φ 2 , φ 3 ) . Predictions of B(
) and the CP asymmetry for B d → J/ψK S are added. Table 3 : Typical solutions for the fourth-generation mixing (s w , s v , s u ) = (0.5λ 3 , 0.5λ 2 , λ) in case of (m t ′ , m b ′ ) = (800, 770)GeV for the three phases of (φ 1 , φ 2 , φ 3 ). Predictions of B(
) and the CP asymmetry for B d → J/ψK S are added. Table 4 : Typical solutions for the fourth-generation mixing (s w , s v , s u ) = (0.3λ 3 , 0.3λ 2 , λ) in case of (m t ′ , m b ′ ) = (1200, 1170)GeV for the three phases of (φ 1 , φ 2 , φ 3 ) . Predictions of B(
) and the CP asymmetry for B d → J/ψK S are added. As can be seen from Tables 2, 3 Table 5 , which is explained in detail in the next section.
V Discussions and conclusions
We can obtain the following predictions from these maximum mixings; the branching ratio of These results are summarized in Table 5 .
The maximum mixing gives an interesting effect on the CP-asymmetry of the decay rates of the "gold-plate" mode of
is given by
and it is expressed as [28] violating parameter ε K . However, in the four-generation model [7] , C f can take also a negative sign as −0.38 ≤ C f ≤ 0.40, since the phase φ 1 takes the whole range of 0 < φ 1 < 2π due to the occurence of the two more new phases φ 2 and φ 3 .
For the moment, sin 2β of eq. (26) has recently been measured to be positive as sin 2β = 3.2 +1.8 −2.0 ± 0.5 by OPAL Collaboration [30] and sin 2β = (1.8 ± 1.1 ± 0.3) by CDF Collaboration [31] , which means that C f is positive as in the Standard Model. We should add that although the penguin diagrams could affect the decay amplitude in the four-generation model, they would bring at most several percent change of C f .
The unitarity triangle in the Standard Model transforms into unitarity quadrangle in the four-generation model [32] . For the "maximum" mixing obtained here, some of the typical quadrangles are shown in Fig.4 for m t ′ = 400GeV and in 
are given in Fig.6 . In this case, the size of the fourth side,
, is of order λ 6 and is about 1/100 that of the side V cd V * cb and the quadrangle could not be distinguished from the triangle, and the branching ratio of K + → π + νν is predicted to be in the range of (0.6 − 1.2) × 10 −10 , which agrees with the predictions of the Standard Model. So, if the future measurements of K + → π + νν show its branching ratio to be in the range of the Standard Model values, the large mixing of the fourth generation obtained here as the "maximum" one will not be allowed. Table 7 : The same as in Table 3 except that B K = 0.75 ± 0.05 and f We should remark that this large mixing of the fourth generation we found here is not due to the fairly large theoretical uncertainties in B Tables 6 and 7 for m t ′ = 400GeV and 800GeV, respectively.
Summarizing, we find "maximum" mixings of the fourth generation ( 
t t t t t t t t t t t t t t t t t t t

(a) Figure 5 :
(a) Figure 6 :
